Introduction Naturally occurring IgM antileukocyte antoantibodies (IgM-ALA) are present from birth and increase during inflammatory processes of diverse etiologies. The clinical observation demonstrating a significant correlation (P<01) between lack of acute rejections and presence of high levels of IgM-ALA in recipients of kidney allografts prompted us to study if IgM-ALA alters T-cell function and leukocyte chemotaxis. Methods In-vitro functional assays were performed using leucocytes isolated from human peripheral blood. In-vivo studies were performed in C57BL6 mice. Result Human studies revealed that IgM-ALA consist of several different IgM, each with specificities for a different leukocyte receptor, e.g., CD3, CD4, CCR5, and CXCR4. We show that IgM inhibits T-cell activation, proliferation, and chemotaxis. Data on in vivo murine models of ischemia-reperfusion injury and cardiac transplantation support our hypothesis. Conclusion The innate anti-inflammatory mechanism of IgM-ALA can be exploited by using purified normal IgM to inhibit inflammatory states or by a vaccine approach to increase in vivo production of IgM-ALA (e.g., prior to a transplant).
Introduction
Naturally occurring antibodies, which are produced in the absence of deliberate immunization or exposure to foreign antigens, are detectable at birth, but the full repertoire develops by early childhood and is maintained throughout life [1] [2] [3] . These autoantibodies are produced by a subset of B cells (B1 Cells), which produce antibodies independently of T cell help [4] . Additionally, such naturally occurring antibodies are encoded by minimally or nonmutated germline genes and hence are characteristically polyreactive with low-binding affinity, and, therefore, differ from diseaseproducing autoantibodies in that the latter are predominantly of the IgG isotype and bind with high affinity and specificity to the autoantigen [3, 5] .
We have been interested in the naturally occurring antileukocyte autoantibodies, which are predominantly of the IgM isotype; these antibodies were initially discovered because of their binding reactivity to lymphocytes [6, 7] . Such antibodies will be referred to as IgM-anti-leukocyte autoantibodies (IgM-ALA). These IgM-ALA are present at low levels in normal individuals and increase during inflammatory disorders and various infections including a subset of HIV-1 patients and end-stage renal dialysis patients (ESRD) [8] [9] [10] . Previous studies have demonstrated that IgM-ALA are a heterogeneous group of several antibodies that are reactive to autologous and allogeneic cells and have specificities for different, largely undefined membrane receptors including receptors with phospholipids and glycolipids [11] [12] [13] . These antibodies are not cytolytic in the presence of complement at 37°C but are cytolytic at colder temperatures such as 18-20°C [7, 14, 15] . Human kidney and heart transplants performed in the subset (approximately 30%) of patients having high levels of IgM-ALA have a lower incidence of acute rejections and of less severity, thus permitting better graft survival [14] [15] [16] .
The protective effect of IgM-ALA in allograft transplantation together with the observation that IgM-ALA nonspecifically increase in various inflammatory and infective states led us to hypothesize whether the increased production of IgM-ALA has a role in inhibiting T-cell activation and attenuating the inflammatory response by binding to certain cell membrane receptors important in the inflammatory process; these include receptors that activate T lymphocytes and those that are important for chemotaxis.
Methods
These have been described in a prior publication; for details, refer to [17] .
Results and Discussion
High IgM-ALA levels are associated with minimal acute rejections and better graft survival Prior to a human kidney transplant, sera from the recipient is routinely reacted with the potential donor's lymphocytes to exclude the presence of IgG anti-HLA antibodies, which can give rise to hyper-acute or accelerated rejection and to determine if the recipient has IgM reactive to donor lymphocytes. Figure 1 depicts the incidence of biopsyproven acute rejections in kidney allograft recipients having different quantities of IgM-ALA reactive to their donor lymphocytes. Recipients with high levels of IgM-ALA reactivity had significantly less rejection episodes when compared with the other subset of patients (Fig. 1 ). These differences in rejection rates among the three groups of recipients did not correlate with age, sex, race, level of HLA antigen mismatch, propensity to develop anti-HLA antibodies pretransplant, and anti-rejection medications. There was no difference in total serum IgM levels among the three groups. These IgM anti-lymphocyte autoantibodies had reactivity to T, B, and natural killer (NK) cells and to CD14 positive macrophages and CD15 positive neutrophils. Prior studies also revealed reactivity of IgM to endothelial cells obtained from human kidneys and the myeloid K562 cell line lacking HLA class I and II receptors [17] .
These in vivo observations of decreased rejections and the in vitro finding that IgM bound to T cells and other leukocytes and endothelial cells prompted us to examine whether IgM mediated these beneficial effects by IgM was purified by size exclusion chromatography from serum [17] . Either individual IgM (labeled #1, #2, etc.) or pooled IgM (labeled p-) was used. Purified human IgG and a human Waldenstrom monoclonal IgM that bound to an undefined leukocyte receptor were used as controls.
Evidence to show specific binding of IgM-ALA to leukocyte receptors Because IgM is a pentameric molecule and is encoded by nonmutated germline genes (i.e., polyreactive), it became necessary to exclude the possibility of nonspecific binding by IgM to leukocytes. To more conclusively exclude this possibility, we evaluated the binding of several different IgM obtained from a panel of IgM secreting human EBV transformed B cell clones derived from human umbilical cord blood [17] . Of the 79 supernatants containing IgM (concentration, 300-1,100 ng/mL), only eight had IgM-secreting clones with IgM-ALA reactivity. Clones secreting IgM-ALA had the following binding specificities to cell lines: two clones with only anti-T cell (Jurkat, Sup T-1) reactivity, two clones with only anti-monocyte (U937) reactivity, and four clones with reactivity to all cell lines, e.g., T cells, B cells, and U937 monocytoid cells. Two of these eight monoclonal IgM-ALA also had IgM that bound to soluble CD4 as evaluated by an enzyme-linked immunosorbent assay (ELISA) technique. All eight clones secreting IgM-ALA did not bind to IgG-coated latex beads as they lacked rheumatoid factor activity. These findings, which include the presence of IgM-ALA reactivity in 10% of IgM-secreting clones (and not the majority of these clones) and the binding of IgM-ALA to CD4 and specific cell lines (T cells or monocytes), would strongly argue against nonspecific IgM binding to leukocyte receptors. They also provide evidence indicating that IgM-ALA consists of different antibodies that have different specificities, including IgM with specificity for CD4 and another antibody with specificity for a receptor on T or monocyte cells. Furthermore, binding of IgM to all cell lines can best be explained either by polyspecificity of certain IgM autoantibodies or by binding of IgM-ALA to a leukocyte receptor that is common to all cell lines (e.g., CD45).
Naturally occurring IgG-ALA are rare in sera and in supernatants of umbilical cord B cell clones Previous studies that demonstrated the presence of naturally occurring IgG autoantibodies, with reactivity to intracellular proteins, prompted studies to examine if IgG-ALA is also present in newborn sera, normal sera, and disease sera. In these studies, the presence of IgG-ALA was evaluated by the binding of IgG from B cell clone supernatants or sera to cell lines. No IgG-ALA was detected in 96 umbilical cord B cell clone supernatants, 12 cord sera, and 27 normal adult sera. However, six of 135 ESRD sera had IgG-ALA that bound to either B or T cells. All six ESRD IgG-ALA were autoantibodies when tested against autologous leukocytes, but none of these sera had IgG anti-HLA reactivity when tested with immobilized HLA antigens (class I and II) using the single HLA antigen flow beads (One Lambda, Canoga Park, CA, USA). None of the 19 HIV-1 sera had IgG-ALA. These studies clearly demonstrate that IgG-ALA are not present in newborn sera and in normal sera but occasionally present in ESRD and HIV-sera. Further studies are needed to evaluate whether ESRD and HIV IgG-ALA are encoded by minimal or nonmutated germline genes, which are a characteristic feature of naturally occurring autoantibodies.
In the following studies, we analyzed the effect of IgM-ALA on T cells and the chemokine receptor by using purified polyclonal IgM rather than serum. As controls for nonspecific IgM binding to leukocyte receptors, we used purified IgM obtained from different individual donors. These included normals, patients with ESRD or HIV-1, and a patient who was diagnosed with Waldenstrom's macroglobulinemia and had a monoclonal IgM with binding reactivity to an undefined leukocyte receptor.
Purified normal, ESRD, and HIV IgM immunoprecipitate CD3, CD4, CCR5, and CXCR4 receptors Based on our observations on allograft rejection, it became important to initially determine by immunoprecipitation assays whether IgM bound to receptors important in T-cell activation as well as to receptors involved in leukocyte chemotaxis. Our studies revealed that purified normal, ESRD, and HIV IgM immunoprecipitated CD3, CD4, CCR5, and CXCR4 receptors (Fig. 2) . However, significantly more of these receptors were immunoprecipitated by HIV and ESRD IgM from whole cell lysates. Of note, IgM from several different normal, HIV, and ESRD patients failed to immunoprecipitate interleukin (IL)2-R, human leukocyte antigen (HLA)-A, and HLA-DR receptors. Normal or ESRD IgM failed to immunoprecipitate chemokines, i.e., recombinant CCL5 and CXCL12.
IgM inhibits T-cell proliferation, cytokine production, and Zap-70 phosphorylation Because IgM bound to CD3 and CD4, it became important to determine whether purified IgM inhibited T-cell activation, proliferation, and cytokine production. Our data indicate that purified IgM, especially ESRD IgM, inhibits T-cell proliferation in response to alloantigens and anti-CD3 only when IgM was added to the cultures within the first 24 h of initiation (Fig. 3) . The pentameric form of IgM is not essential for the inhibitory effect on mixed lymphocyte reaction (MLR) as monomeric IgM was as effective. This inhibitory effect of ESRD IgM on proliferation was not associated with increased cell death or apoptosis as determined by flow cytometry using propidium and anti-annexin reagents.
Further studies were performed on supernatants from MLR cultures to determine whether the anti-proliferative effects of IgM-ALA were associated with a decrease in cytokine production. The addition of both normal and patient IgM at the initiation of the MLR culture had no discernable inhibitory effect on MLR-induced production ofIL-6, IL-8, monocyte chemotactic protein (MCP)-1, MIG, GRO, granulocytemacrophage colony-stimulating factor (GM-CSF), IL-1β, and transforming growth factor beta (TGF-β) but significantly decreased the quantity of certain other cytokines such as TNF-α, IL-13, MDC, and TARC in the MLR supernatants (Fig. 3 ). This decrease in cytokine level (e.g., TNF-α) in the presence of IgM was not a result of IgM neutralizing the secreted TNF-α, because the addition of IgM directly to the control MLR supernatants, obtained on day5, did not decrease the level of TNF-α detected by two assay systems (i.e., Array III and an ELISA technique). This indicates that IgM specifically inhibits the secretion or production of certain cytokines. Because the Array III kit could not detect IL-2 in MLR supernatants, we resorted to determine the effect of IgM on intracellular expression of this cytokine. Both normal and ESRD IgM caused a major decrease in the percentage of cells expressing intracytoplasmic IL-2. The combined data, with the different cytokine assay techniques, clearly demonstrate that normal and patient IgM predominantly inhibits the production of certain cytokines involved in T-cell proliferation (e.g., IL-2) and certain proinflammatory cytokines and chemokines (e.g., TNF-α, IL-13, MDC, and TARC when T cells are activated in an MLR). Conversely, IgM did not significantly inhibit other proinflammatory cytokines (e.g., IL-6, GM-CSF, IL-1β, and IL-8).
Because prior studies have shown that TcR/CD3 receptor activation leads to increased intracellular phosphorylation of Zap-70, we evaluated whether IgM, after binding to CD3 and/or CD4, will inhibit anti-CD3-mediated phosphorylation of Zap-70. Phosphorylated Zap-70 and total Zap-70 were quantitated by flow cytometry at 0, 2, and 5 min and at 16 h after immobilized anti-CD3 activation of freshly isolated human PBL. IgM had a mild inhibitory effect on anti-CD3-induced phosphorylation of Zap-70 at 2 min. However, the majority of individual normal, ESRD, and HIV IgM (but not Waldenstrom) inhibited both background phosphorylation of Zap-70 and the increase in Zap-70 phosphorylation induced by anti-CD3 at 16 h in 40-50% of T cells (Fig. 3) . Importantly, IgM-mediated inhibition of phos-Zap-70 was not associated with inhibition of total Zap-70, which indicates that IgM inhibits proximal intracellular signaling. Pooled normal IgG had no effect on Zap-70 phosphorylation.
Purified IgM inhibits chemokine binding and chemotaxis
Because IgM immunoprecipitated CXCR4 and CCR5 from cells, it became important to determine if purified IgM inhibited binding of chemokine to these receptors as well as inhibited chemotaxis. Both normal and ESRD IgM inhibited to a similar degree binding of biotinlabeled CCL3 (MIP-Iα) to CCR5, and binding of CXCL12 to CXCR4 which were present on two cell lines and on PBL activated for 3 days with PHA and IL-2. IgM inhibited chemokine binding in a dose-dependent manner. Incubating cells with IgM and/or chemokine at 37°C or 4°C did not change the magnitude of the inhibitory effect of IgM on chemokine binding, thus indicating that the IgM-mediated inhibitory effect was not due to IgM-induced internalization of the receptor at In addition, IgM inhibited chemotaxis of activated PBL and T-cell lines in response to CXCL12. However, ESRD IgM had a significantly more pronounced inhibitory effect on chemotaxis, even though both normal and ESRD IgM had a similar inhibitory effect on the binding of CXCL12 to the CXCR4 receptor. These differences in inhibitory effects on chemotaxis with the T-cell lines were not due to increased apoptosis or cell death as evaluated by flow cytometry using propridium and anti-annexin. These data would suggest that ESRD IgM additionally inhibits chemotaxis through effects on other cell receptors (e.g., adhesion molecules or integrins) and/or intracellular activation pathways that are involved in both chemokinesis and chemotaxis activity. These studies indicate that purified IgM binds to chemokine receptors and through this mechanism inhibits chemokine binding, chemokineinduced chemotaxis, and receptor downregulation. Finally, we failed to demonstrate binding of IgM to chemokines using both immunoprecipitation and ELISA techniques.
The finding that IgM-ALA inhibits T-cell function and proliferation as well as leukocyte chemotaxis prompted us to evaluate whether IgM-ALA inhibited a T cell-mediated inflammatory response of allograft rejection in a murine model. Preliminary findings would support the in vitro data.
The maintenance of immune system homeostasis is essential for protecting the host against excess inflammation and autoimmunity [18] . Homeostasis maintenance by different subsets of natural and adaptive regulatory T cells (CD4 + or CD8 + ), NK-T cells, and dendritic cells have gained particular attention for understanding peripheral regulation of self-reactive T cells [19, 20] . Our studies would suggest yet another innate immune regulatory mechanism that involves a noncytolytic (at 37°C) naturally occurring IgM-ALA to maintain immune homeostasis and protect against autoimmunity. Potential mechanisms for IgM-ALA include inhibition of T-helper cell activation with decreased production of certain specific proinflammatory cytokines, e.g., TNF-α, IL-2. Importantly, the current data would also indicate that IgM-ALA controls the magnitude of the inflammatory response by not broadly inhibiting all proinflammatory cytokines (possibly to avert excess immunosuppression) and by regulating leukocyte chemotaxis. In addition, the marked individual variation in the repertoire of IgM with specificity to the different leukocyte receptors that we observed in both normal and disease states may play a role in contributing to the differences in the vigor or character of the inflammatory response among different individuals when exposed to the same inciting agent. This innate antiinflammatory mechanism of IgM-ALA can be exploited by using purified normal IgM to inhibit inflammatory states or by a vaccine approach to increase in vivo production of IgM-ALA (e.g., prior to a transplant).
